[1] Bacterial abundances in ice cores vary in response to climatic conditions. This paper presents annual bacterial abundances measured in ice deposited over the past 70 years and trapped within a core retrieved from Mount Geladaindong, on the central Tibetan Plateau. The bacterial abundance was lowest in 1938 and highest in 1997. Analyses of correlations between bacterial abundance and d
Introduction
[2] The Tibetan Plateau is one of the key regions influencing global climate change. Ice core records from Tibetan Plateau play an important role in the study of climatic and environmental changes. Much research has focused on the investigation of climatic and environmental changes using oxygen isotopes Tian et al., 2001; Yao et al., 2006a] , major ions [Kang et al., 2002] , black carbon [Xu et al., 2006] , greenhouse gases [Xu and Yao, 2001] , and dust storms recorded in snow and ice Wu et al., 2004] . However, only a few studies have dealt with microorganisms and their relationships with climatic and environmental changes. Christner et al. [2000] recovered bacteria from the Guliya ice core and studied their microbiological characteristics. Xiang et al. [2004] , Yao et al. [2006b] , and Zhang et al. [2002] studied bacteria in the Malan ice core and analyzed their biological and chemical features, in order to explore the relationship between microorganisms and climatic and environmental changes. Zhang et al. [2006] studied a vertical profile of bacterial DNA structures in the Puruogangri ice core. Results from these previous studies show that microbial records from ice cores could potentially reflect past climatic and environmental changes. Earlier investigations only studied long-term characteristics of the bacteria in the ice cores, and did not evaluate their annual and seasonal variations. The high accumulation rates reflected in Tibetan Plateau ice cores, allow paleoclimatic reconstruction with decadal, annual, or even seasonal resolution. More detailed research and further information on bacteria in the ice cores might obtain bioindicators for past environmental changes. The present study investigated bacteria in a 47 m Geladaindong ice core from the central Tibetan Plateau and in snow pit samples from near the coring site.
Sampling
[3] The Geladaindong ice core was recovered from Mount Geladaindong, which lies at the headwaters of the Yangtze River. Mount Geladaindong is the summit of the Tanggula Mountains (one of the ranges crossing the Tibetan Plateau), with an elevation of 6621 m. One hundred five glaciers surround Mount Geladaindong, covering an area of 333 km 2 .
[4] The ice core for the present study was drilled in November 2005 from the flat firn basin of the Guoqu glacier (at 33°34 0 37.8 00 N, 91°10 0 35.3 00 E, 5720 m; Figure 1 ), on the northern slope of Mount Geladaindong. The ice core was transported frozen to our laboratory and then split lengthwise into two portions for different analyses. One portion was sampled using a continuous ice core melting system (with a resolution of 2 -5 cm) for analyzing major ions and d
18
O [Kang et al., 2007] . The other portion was used for microbial analysis and cut into 15-20 cm long sections using a band saw within walk-in freezers (À18°C to À24°C). About 5 cm long samples were cut from each section, and we recorded the dirty layers containing visible mineral particles. All samples were decontaminated by cutting away the 1 cm outer annulus with a sterilized sawtooth knife, before rinsing the remaining inner cores with cold ethanol (95%), and finally with cold autoclaved water. The decontaminated ice samples were placed in autoclaved containers and melted at 4°C.
[5] We also sampled a 0.86 m snow pit close to the drilling site in order to investigate the seasonal variations of entrapped bacteria. Snow samples for d
18 O and major ions were collected continuously at 5 cm depth intervals along the pit wall and put into Whirl Pack bags. Snow samples for bacterial abundance were collected using sterile plastic tubes (50 mL), which were embedded directly into pit wall to take snow samples at 5 cm intervals. Snow samples for bacterial diversity analysis were collected at 15 cm intervals and placed in sterile Nalgene bottles. Extreme care was taken at all times to ensure minimal contamination. Nonparticulating sterile suits, sterile gloves and masks were worn during the entire sampling process. Scoops for collecting snow were sterilized beforehand and used only once, for one sample. Snow samples were kept frozen until analysis in the laboratory.
Laboratory Analyses

Enumerating Bacterial Abundance
[6] Our study used flow cytometry to enumerate bacterial abundance. Samples for flow cytometry analysis were fixed with glutaraldehyde (final concentration: 1%), stored in a freezer at 4°C, and immediately analyzed within 8 h. SYBR Green I was applied as the nucleic acid stain [Marie et al., 1997] . Samples were run on a EPICS ALTRA II flow cytometer (Beckman Coulter), equipped with a 100-mW 488-nm water-cooled argon-ion laser (Cohenrent Inc., USA) and a standard filter setup. An external sample injector (Harvard Apparatus PHD 2000) was employed for accurate quantification [Jiao et al., 2002] . One mm (diameter) fluorescent beads(Polyscience Inc.) were added to the sample for internal reference.
Measuring Major Ions and D
O
[7] Major ions were analyzed using a Dionex Ion Chromatograph model 2010 (detailed methods described by Buck et al. [1992] ) at the Climate Change Institute, University of Maine. The d
18
O values were determined using MAT-253 mass spectrophotometer at the Institute of Tibetan Plateau Research, Chinese Academy of Sciences.
3.3. DNA Extraction, PCR Amplification, and 16S rRNA Gene Clone Library Construction
[8] Snow samples were melted overnight at 4°C, and approximately 1L meltwater filtered through a 0.22 mm filter (Millipore). The membrane was immediately treated with 1 mL GTE buffer (25 mmol/L Tris, 10 mmol/L EDTA, 50 mmol/L Sucrose, pH 8.0) at 37°C for 2 h. Then proteinase K, NaCl, and sodium dodecyl sulfate were added at final concentrations of 0.2 mg/mL, 0.7 mol/L, and 1%, respectively. The mixture was incubated at 65°C for 1.5 h. After extraction with phenol-chloroform-isoamyl alcohol (25:24:1) and chloroform-isoamyl alcohol (24:1), DNA in the aqueous phase was precipitated with an equal volume of isopropanol overnight at À20°C. After centrifuging and washing with 75% ethanol, the DNA was dissolved in TE buffer. To assess if contamination was introduced in DNA extraction, a negative parallel control was established by filtering 1 L of autoclaved deionized water using the same method as described above. DNA preparations from both the sample and negative control were used as templates to amplify the bacterial 16S rRNA genes with the universal primer pair 27F (forward, 5 0 -AGA GTT TGA TCM TGG CTC AG-3 0 ) and 1392R (reverse, 5 0 -ACG GGC GGT GTG TRC-3 0 ) [Brosius et al., 1978; Christner, 2002] and La Taq polymerase (TaKaRa Co., Dalian, China). The PCR program was as follows: after an initial incubation at 94°C for 5 min, 30 cycles were run at 94°C for 1 min, 56°C for 1 min, and 72°C for 1.5 min, followed by a final extension at 72°C for 8 min. [9] The PCR products were purified using an agarose gel DNA purification kit (TaKaRa Co., Dalian, China), ligated into pGEM-T vector (TaKaRa Co., Dalian, China), and then transformed into E. coli DH5a. The presence of inserts was checked by colony PCR.
[10] Each library 60 clones were selected randomly for reamplification and restriction digestion by enzymes Hha I and Afa I. The digested fragments were visualized on a 3% agarose gel, and different clones were discriminated according to the RFLP patterns. One clone of each RFLP type was sequenced with 27F as the sequencing primer.
Sequencing and Phylogenetic Analysis
[11] All sequences obtained were checked for chimeric artifacts using the CHIMERA_CHECK program [Maidak et al., 2001] . The nearest neighbors were retrieved from the NCBI (http://www.ncbi.nih.gov/BLAST) through BLAST search. All sequences were assigned to the genus level grouping with 80% confidence using the ''Classifier'' program of RDP [Cole et al., 2005] . The sequences were aligned using the ClustalX 1.80, and Mega software 3.1 was used to construct phylogenetic trees [Kumar et al., 2004] . Bootstrap values (1000 replications) were generated using the neighbor joining method.
Statistical Analyses
[12] Coverage of clone libraries were calculated using the equation: Coverage = 1 À (N/Individuals),where N is the number of clones that occurred only once [Kemp and Aller, 2004] . Diversity indices (Shannon H) were calculated using the statistical program PAST (http://folk.uio.no/ ohammer/past). 
Nucleotide Sequence Accession Numbers
[13] The nucleotide sequences of partial 16S rRNA genes have been deposited in the GenBank database with the accession numbers: EU152996 to EU153042.
Results
Bacterial Abundance in the Ice Core
[14] This study measured bacterial abundance in 268 samples from the 47 m ice core. The ice core contains both clean ice layers and dirty ice layers. The dirty ice layers result from the deposition of dust from storms prevailing in west China each spring, concentrated by strong summer melting. The bacteria abundance in different layers varies from 3.2 Â 10 3 to 8.3 Â 10 5 cells mL À1 , with an average of 4.4 Â 10 4 cells mL
À1
. Bacterial abundances within the dirty layers are higher than within clean ice layers ( Figure 2 ). Thirty-five visible dirty layers were counted. Bacterial abundances in all of the 35 dirty layers were more than 10 4 cells mL
, with the 11 dirtiest layers containing bacterial abundances greater than 10 5 . The highest bacterial abundance was also measured in one of the dirty layers. Although high abundances of bacteria generally appear in dirty ice layers, a few high bacterial counts appear in clean ice.
[15] Figure 3 shows annual bacterial abundances compared with Ca 2+ concentrations and d 18 O values from 1935 to 2004, based on the ice core dating by Kang et al. [2007] . To lessen the possible errors due to dating of the ice core (±1 year), we used 5-year running average values. As shown in Figure 3 , the lowest bacterial abundance during the last 70 years occurred in 1938, and the highest in 1997. Bacterial numbers were relatively low in the 1940s with a decadal average value of 1.5 Â 10 4 cells mL
. Then, following an increasing trend in the 1950s, higher values reappeared between the 1960s and 1970s, with a decadal average value of 6.5 Â 10 4 cells mL
. However, the values decreased significantly from the end of the 1970s, and reached their lowest levels during the 1980s. Since the 1990s, bacterial abundances increased dramatically to their highest values. This trend lasted until the end of the ice core record, 2004 (Figure 3) .
[16] Calcium concentrations in the ice core correlate positively with bacterial abundance (r = 0.45, P < 0.01; Figure 4a ). Ca 2+ concentrations were low before 1970, jumped to their highest values during the 1970s, and then [19] To study bacterial variation in different seasons, we constructed two 16S rRNA gene clone libraries of the bacteria in snow. G2 is the library of bacteria corresponding to the monsoon season, and G6 is that corresponding to the nonmonsoon season ( Figure 5 ). In total, 120 clones were subjected to RFLP screening. The negative control did not yield any amplification products, supporting the credibility of DNA extraction procedures. After RFLP screening, 49 unique patterns were obtained, 39 in the G2 library and 10 in the G6 library. One clone was chosen from each pattern and subjected to sequence analysis. The average sequence length was ca. 900 bp, covering V1-5 regions of 16S rRNA genes. Forty-seven sequences were identified as normal 16S rRNA gene sequences after being checked using the CHIMERA_CHECK program. Coverage analyses show that the sequenced clones represent 73% and 96% of the G2 and G6 clone libraries, respectively, indicating that the number of clones sequenced in this study provides a good inventory of the bacterial 16S rRNA gene sequences in snow from various seasons. All the sequences are associated with seven phylogenetic groups: the Alpha-, Beta-, and Gammaproteobacteria, Actinobacteria, Cytophaga-Flavobacterium-Bacterioides (CFB), Firmicutes, and Chloroplast. The dominant group was the CFB group, accounting for 28% of the total clones. Clones that fell into the groups Alphaproteobacteria, Betaproteobacteria and Actinobacteria accounted for 20%, 19%, and 19%, respectively. Figure 6 shows the phylogenetic analysis of all 16S rRNA gene sequences.
[20] The G2 library show a higher diversity (Shannon H = 2.85) than the G6 library (Shannon H = 1.71). Sequences were distributed in Alpha-, Beta-, and Gammaproteobacteria, Actinobacteria, Firmicutes, CFB group, and Chloroplast (Table 1) . Of these, members of Alphaproteobacteria and Actinobacteria dominate, accounting for 35% and 31% of the total clones, respectively. Furthermore, they relate closely to sequences isolated from glaciers; permafrost; and high-altitude plants; seawater, ice and soil from Antarctica; soil; sediment from the deep sea, lakes and estuaries; water from oceans, lakes and rivers; and animals (including humans).
[21] In the Alphaproteobacteria subphylum, clones affiliated with the genus Sphingomonas account for 44% of the total clones. Sphingomonas was also detected in glaciers on the Tibetan plateau [Xiang et al., 2005] and in soil, dust, and ice cores in Antarctica [Busse et al., 2003; Christner et al., 2001] .
[22] The Actinobacteria included Arthrobacter and Brevibacterium genera. Both genera also occur in snow and ice on the Tibetan Plateau and Greenland, and in subglacial waters in Canada [Cheng and Foght, 2007; Christner et al., 2003; Liu et al., 2006; Miteva et al., 2004; Xiang et al., 2004] .
[23] The G6 library is composed of three (sub-)phyla, the CFB group, Betaproteobacteria and Actinobacteria (Table 1) . Sequences of the CFB and Betaproteobacteria are dominant, and account for 58% and 40% of the total clones, respectively. Sequences in G6 are associated with those from glacial and soil environments (Table 1) . Seven-six percent of the total clones' nearest neighbors have been isolated from cold environments, i.e., high mountains, Arctic, and Antarctic.
Discussion
Correlation Between Bacterial Abundance and Dust Concentration
[24] We found bacteria abundant in visibly dirty ice layers in the Geladaindong ice core. Dirty layers with high amounts of dust have also been found to contain more bacteria from other regions, such as in the GISP2 ice core from Greenland [Sheridan et al., 2003] , the Vostok ice core in Antarctica [Abyzov et al., 1998 ], the Malan ice core [Yao et al., 2006b] , and the Mustag Ata ice core on the Tibetan plateau [Xiang et al., 2005] . Dust not only acts as a carrier to bring bacteria onto glaciers, but also protects them from damage by strong radiation, desiccation, or other conditions during the course of transport [Christner et al., 2000] . However, the visible dirty layers contain large, perceptible particles. Many miniparticles in the aerosols also carry bacteria onto glaciers. Figure 2 also shows that not all spikes in bacterial abundance coincide with visible dirty layers. To explore the relationship between bacterial abundance and dust concentration, we investigated Ca 2+ concentrations, which provide an index of dust concentration, although it only represents the soluble portion of the dust concentration and bacterial abundance, we conclude that bacteria in the Geladaindong ice core were mainly transported by dust before deposited on the glacier; hence, the variations in bacteria could reflect changes in atmospheric circulation.
[25] We found some exceptions to the relationship described above. The average Ca 2+ concentration in the middle 1970s was twice that in the 1960s, however bacterial abundance did not increase very much. Another exception was that bacterial abundances increased dramatically in the late 1990s without a comparable increase of Ca 2+ concentrations. The difference in magnitude of changes in bacteria and Ca 2+ concentrations in the middle 1970s and the late 1990s imply that dust is not the only factor controlling bacterial abundance in the Geladaindong ice core. Temperature might be also important.
Correlation Between Bacterial Abundance and Temperature
[26] Meteorological stations are sparse on the Tibetan Plateau and the region lacks a long history of observed data. However, the values of d
18 O in the ice core provide a good proxy for temperature changes [Blunier and Brook, 2001; Jouzel et al., 1997; Tian et al., 2003; Yao et al., 1996 Yao et al., , 1999 Yao et al., , 2006a . Kang et al. [2007] reconstructed the air temperatures for the last 70 years for the Geladaindong drill site on the basis of d [27] Price and Sowers [2004] reported that the temperature dependence of metabolic rates of microbial communities in deep glacier ice was for survival of imprisoned communities, in which bacteria can repair macromolecular damage but are probably largely dormant. Therefore temperature most likely affects the bacterial abundance in glacier ice before snow densification and transformation into ice. Segawa et al. [2005] discovered that some bacteria in the surface snow of glaciers can grow during the warm season. The high positive correlations between annual variations in bacteria and d
18
O values shown in Figure 4b clearly indicate that temperature did affect the bacterial population in the Geladaindong ice core. This also demonstrates that warm years lead to more abundant bacteria, as recorded in the ice core.
[28] It is particularly important to discuss the two peaks of bacterial abundance in the middle 1970s and late 1990s in Figure 3 . The combination of the correlations between bacteria and Ca 2+ concentration and between bacteria and d
O could explain the unique characteristics of bacterial abundance in the middle 1970s and late 1990s. In the middle 1970s, the highest Ca 2+ concentrations imply the greatest dust transport of bacteria. However, the temperature was the lowest, which seriously influenced the bacteria growth on glacier. Consequently, the bacterial abundance is only second highest. In the late 1990s, both Ca 2+ concentration and d
O increased, which means increased bacteria was transported to the glacier by dust, and more growth occurred on glacier. Influenced by these two positive conditions, bacterial abundance dramatically rose and reached the highest observed in the entire record. Conversely, Ca 2+ concentrations were their lowest in the 1980s and d
O values were also low, compounding the two negative conditions when we find bacterial abundances at their lowest. These three particular cases support the premise that bacterial abundance in the ice core results from both dust transportation and temperature. All of the relationships found among bacterial abundance, Ca 2+ concentration, and the d
O value indicate that bacteria in the Geladaindong ice core respond sensitively to changes in atmospheric dust loading and temperature.
[29] It is worth pointing out that the feature that bacterial abundance is positively relating with both dust concentration and temperature is different from what Yao et al. [2006b] found from Malan ice core. As Yao et al. [2006b] pointed out, the bacterial abundance in the Malan ice core is positively related with dust while it is negatively related with temperature. Ice temperature regime might be the major factor of the difference of two records. There are three types of glaciers, that is continental type (polar type), continental-maritime type (subpolar) and maritime type (temperate). The Malan Glacier is continental type glacier characterized with very low temperature. The nearest meteorological station to the Malan Glacier, Tuotuohe station (4533 m asl), records 5944 days with temperature larger than 0°C in the past 40 years. By using a lapse rate of 0.6°C/100 m, it is estimated that there will be 2004 days with temperature large than 0°C at the ice core drill site. The Geladaindong Glacier is a continental-maritime type glacier. The ice temperature of this type of glacier is higher than the Malan Glacier. The nearest meteorological station to the Geladaindong Glacier, Anduo station (4800 m asl), records 6390 days with temperature large than 0°C in the past 40 years. An estimation of 3513 days with temperature large than 0°C is obtained at the drill site of the Geladaindong ice core by using the same lapse rate for the Malan ice core drill site. Glacial melting should be only possible when temperature is larger than 0°C, and will provide suitable environment for bacteria to grow. It means that the Geladaindong Glacier would provide better environment than the Malan Glacier. If the idea holds, better relationship between bacterial abundance and temperature could be found in maritime glacier in the future.
Seasonal Variations of Bacteria
[30] Bacteria in snow deposited during the monsoon and the nonmonsoon seasons show significant differences. First, the bacterial genetic diversity during the monsoon season snow was greater than during the nonmonsoon season. Bacteria found in samples from the monsoon season belong to 7 phyla and 15 genera, and 2 were unclassified. However, bacteria from the nonmonsoon season belong to only 3 phyla and 3 genera, and 2 were unclassified. Second, the bacterial components of the two seasons are distinct: the CFB group dominated during the nonmonsoon season, but contributed only a minor portion during the monsoon season. Betaproteobacteria accounted for nearly half of the total in the nonmonsoon season samples, but accounted for only 4% in the monsoon season samples. Alphaproteobacter and Actinobacteria were the dominant components in the monsoon season. Third, the bacteria in different seasons are identified with different environments. Bacteria in the nonmonsoon season correspond to two kinds of environment, cold environments and soil environments. On the other hand, the corresponding environments for the monsoon season bacteria were multifarious, including marine, river, lake, plants, animals and humans, as well as cold environments and soil. The apparent seasonal differences were likely influenced by atmospheric circulation and temperature. Snow deposited on Mount Geladaindong came from different sources. The summer Indian monsoon and local convective water vapor contribute precipitation during the monsoon season, but the westerlies carry most of the water vapor during the nonmonsoon season [Kang et al., 2007] . On one hand, higher temperatures and wet climatic conditions during the monsoon season could result in the survival of more bacteria. On the other hand, higher vegetation density and productivity around the glacier could contribute more bacteria in summer. Favorable climatic and environmental factors may lead to a higher bacterial diversity in monsoon season snow. During the nonmonsoon season, the glacier's harsh conditions prevail, which may result in lower bacterial diversity. And most of those bacteria are closely related with those isolated from cold environments. The seasonal variations of bacteria again corroborate that bacteria in the Geladaindong ice core result from both dust transportation and temperature.
Conclusions
[31] Variations in the annual bacterial abundance over the past 70 years in the Geladaindong ice core reveal that bacterial abundance was comparatively high in the 1960s and 1970s, lowest in the 1980s, and increased dramatically to its highest in the 1990s. Significant positive correlation exists between bacterial abundance and the temperature proxy d
18
O, and between bacterial abundance and dust deposition represented by Ca 2+ concentration. Both high temperatures and high dust flux onto the glacier result in more bacteria in the ice core. Bacteria in the snow on Mount Geladaindong include Alpha-, Beta-, and Gammaproteobacteria, Actinobacteria, Chloroplast, and the CFB group (which was the dominant group). Various features of the bacterial assemblage vary seasonally. Bacterial genetic diversity during the monsoon season was much higher than during the nonmonsoon season. Bacteria in the monsoon season relate with bacteria from a variety of environments, but bacteria in the nonmonsoon season are associated only with bacteria from cold environments and soils. The Geladaindong ice core record suggests a potential indicator by using bacterial abundance for paleoclimate and paleoenvironment and necessity of further study in maritime glacier.
